The electric control of magnetic anisotropy has important applications for nonvolatile memory and information processing. By first-principles calculations, we show a large nonvolatile control of magnetic anisotropy in ferromagnetic/ferroelectric CoPt/ZnO interface. Using the switched electric polarization of ZnO, the density-of-states and magnetic anisotropy at the CoPt surface show a large change. Due to a strong Co/Pt orbitals hybridization and a large spin-orbit coupling, a large control of magnetic anisotropy was found. We experimentally measured the change of effective anisotropy by tunneling resistance measurements in CoPt/Mg-doped ZnO/Co junctions.
Introduction -The recent strong interest in the control of magnetism by electric means has been driven by the aspects of fundamental physical understanding of magnetism, and more importantly towards applications in nonvolatile information processing in magnetic memories [1, 2] . The electric field effect on the interfacial electronic states has been reported to control magnetic Curie temperature T C [3, 4] , coercivity H C [5] [6] [7] , magnetic moment [8] , spin polarization [9] , and magnetic anisotropy energy MAE [10, 11] both in magnetic semiconductors and transition metals. By using the voltage control of MAE (VCMA), fast writing by nanosecond electric pulses in magnetic tunnel junctions (MTJs) has been widely demonstrated in MTJs based on rock-salt-type MgO barrier [12] [13] [14] . The main electronic origin of interfacial MAE, and hence VCMA, in an Fe-alloy/MgO system is the orbital hybridization between Fe 3d and O 2p at the interface in the presence of spin-orbit coupling (SOC) [15] . However, the precise control of Fe surface oxidation is crucial [15] for large MAE and VCMA magnitudes, which are required for nonvolatile memory applications [16] [17] [18] .
An alternative is the heterostructure of a ferromagnet/ferroelectric (FM/FE) combination [19] [20] [21] [22] [23] , where a relatively large modulation of MAE is achieved by the control of FE polarization (P ). This was shown to be mainly due to the P -dependent hybridization between the orbitals of the FM and FE elements. In this work, we propose and clarify an FM/FE MTJ system for achieving a large nonvolatile control of MAE, with a different mechanism.
We investigated MTJs made from fcc-CoPt FM and wurtzite-ZnO FE, using first-principles calculations and magnetotransport measurements.
An important aspect of 3d-5d magnetic alloys is that MAE originates from the large SOC of the 5d element which is magnetized by the strong exchange field of 3d moments [24] [25] [26] . In CoPt [24, 27] , a large MAE along the (1 1 1) crystal axis is retained even under disorder [28] . Wurtzite-type ZnO has a direct bandgap of 3.2 eV, and it becomes FE by Mg doping with enhanced insulating property [29] . The electric dipoles of ZnO are aligned along (0 0 0 1) direction. The P reversal changes the chemical potential at interface, that should have a prominent effect on MAE due to the large 5d SOC [30] . Therefore, the system of CoPt (1 1 1)/Mg-ZnO (0 0 0 1) [31, 32] has a strong potential for a large control of MAE.
The schematic of the device and the effect of P on MAE are shown in Fig. 1 , together with the experimental procedure employed for this report. Due to the large electric coercivity of MgZnO, the cooling under an electric field (EFC) from above the MgZnO Curie temperature was used to align P in either direction [ Fig. 1(a) ] [32] . The reversal of P results in a difference of the equilibrium surface charge at the surfaces of the FM electrodes [ Fig. 1(b) ]. The charge difference is negative (positive) at the CoPt surface after +EFC (−EFC), due to the formation of a positive (negative) P state [ Fig. 1(b,c) ]. Based on the following theoretical and experimental analyses, the surface MAE of CoPt electrode will be perpendicular (inplane) for a P + (P − ) state. Such a large non-volatile change of MAE is driven by the P -modulation of the SOC and the 3d-5d hybridization.
First-principles calculations -We modeled the effect of ZnO electric polarization on the interfacial MAE of CoPt by first-principles density functional theory calculations [33] . We used scalar and fully relativistic ultra-soft pseudopotentials (USPPs) [34, 35] and a planewave basis with the generalized gradient approximation [36] . A change from a 24×24×1 mesh to a 32×32×1 mesh in the k-point sampling space did not show a significant difference in results, and the 32×32×1 mesh was used. The energy cut-off was set at 30 This produces a change in orbital and spin momenta of Co and Pt, leading to a large change in DOS and MAE [27, 47, 48] . Moreover, while the SOC of Co, which is enhanced by Pt, is favoring a perpendicular MAE, the P -modulation resulted in the closer participation of MAE observations from resistance-field curves -We conducted experimental confirmations, using observations by resistance-field (R-H) curves with the field applied in thex and z directions. The presented experimental results were obtained from samples described previously [31, 32] . The initial film structure was made of (thicknesses in nm): c-plane sapphire and Ar-ion milling. The R-H curves were measured at 2 K, after using the EFC procedure to align the MgZnO P [32] . The ±EFC from 360 K down to 2 K corresponds to the P ± states.
The normalized R-H curves after ±EFC are shown in Figs. 4(b,c) . At the P + state, the R-H curves show similar character to the as-deposited M -H curves. In the out-of-plane field direction, there are two shoulders at 1 kOe and 16 kOe, corresponding to H K,eff of CoPt and Co, respectively. Above the saturation of CoPt at 1 kOe, the CoPt magnetization is out-of-plane, and the Co magnetization rotates towards the out-of-plane direction until saturation at 16 kOe [arrows in Fig. 4(b) ]. On the other hand, at P − state a drastic change in CoPt anisotropy happens. The area enclosed by inplane and out-of-plane curves is much larger, and a field of 20 kOe is required to saturate the resistance [ Fig. 4(c) ]. This can be explained by a change of CoPt easy-axis to the inplane direction, with H K,eff = 20 kOe [arrows in Fig. 4(c) ]. The areal MAE of CoPt (K s ) can be found from the following relation:
where M s is the saturation magnetization, and t is CoPt thickness. The corresponding results are K s = +1.6 and −3.6 erg/cm 2 for P + and P − states, respectively. The aforementioned theoretical value of ∆MAE = −2.6 erg/cm 2 has a good agreement with the experimental ∆MAE = −5.2 erg/cm 2 . The direction of change is same, and the magnitude is within a factor of 2.
Tunneling anisotropic magnetoresistance -A consequence of an anisotropic DOS (ADOS) is the dependence of tunneling current on M direction, the named tunneling anisotropic magnetoresistance (TAMR) [51, 52] . As the TAMR and MAE in 3d-5d systems come from the same origin, the study of TAMR can put light on MAE [53] , and can confirm that the first-principle calculations correlate with the experiments on MAE. In the present case, the band-selective filtering of tunneling current is not evident, and TAMR in CoPtbased tunnel junctions can be understood qualitatively in terms of ADOS at the interface next to the tunneling barrier [52, 54] . Therefore, we treat TAMR as originating from the interfacial ADOS in CoPt.
In the calculations, the direction of ADOS changed sign between the two P states [ Fig. 2 ].
The anisotropy is mainly in the minority spin, and showed a character similar to MAE mentioned earlier. −100 −50 0 50 100
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